1 Introduction 47
Background 48
The Peace River region in Alberta, Canada, has experienced extensive landslide activity since 49 deglaciation and is one of the most historically active landslide sites in Western Canada (Figure 1 ) 50 (Davies et al., 2005; Morgan et al., 2012) . This significant activity is due to the slopes of the river valley, 51 which were formed during deglaciation, being much steeper and narrower than the preglacial valley, 52
causing the slopes to progressively approach their preglacial geometry (Thurber, 1987) . 53
54
An inventory of historic and active landslides in Peace River Alberta indicate that the shear zones of 55 many landslides develop within the weak lacustrine silts and clays (Davies et al., 2005) . The landslides 56 move along these shear zones, typically with continuous creep, damaging highway and utilities 57 infrastructure. Occasionally, movement accelerates, triggered by elevations in pore-water pressures, 58 reaching high velocities and large displacements. These slope failures can be catastrophic if infrastructure 59 is in the landslide's path. A typical slope failure in the Peace River region is shown in Figure 1d inclinometers and piezometers. However, these provide incremental measurements with low temporal4 resolution and do not always allow rapid changes in stability to be detected and communicated 72 sufficiently in advance to provide early warning. The objectives of this study were to: (i) acquire a long-73 term dataset of continuous deformation measurements with high temporal resolution of a case study slope 74 near the town of Peace River, which, to the authors' knowledge, such data has not previously been 75 published; (ii) enhance understanding of the slope's behavior in response to climatic drivers; and (iii) trial 76
an Acoustic Emission (AE) monitoring system and investigate its potential to provide early warning of 77 accelerating deformation behavior. The case study slope is highlighted as Site B in Figure 1b . 78 79
Slope Behavior and Monitoring 80
Monitoring slope displacement rate patterns allows the landslide behavior to be classified (Lerouil et al., 81 1996) . 3a). When a slope is experiencing accelerating displacement behavior, the time to failure can be 86 forecasted by graphing the inverse velocity versus time data and finding the location where an 87 extrapolated curve intersects the time axis (Saito, 1965; Fukuzono, 1985; Bozzano et al., 2014) . Figure  88 3b shows the relationship between displacement and time of a slope undergoing seasonal movement. For 89 this case, the inverse velocity versus time graph will undulate with one or more peaks in velocity 90 throughout the year. Since the data plotted and extrapolated on the inverse velocity versus time plot does 91 not cross the x-axis, failure with accelerated displacements is not forecast for these seasonal movements. 92 Figure 3c represents a slope that is experiencing continuous creep. transmit AE from the subsurface to ground level with low attenuation. An approach has been developed 124 that uses 'noisy' backfill material (e.g. gravel) placed around the waveguide, which generates quantifiable 125 AE (i.e. AE is measured from the backfill material and not from the host slope material) as the slope 126 deforms. AE monitoring of these 'active' waveguides offers many benefits over traditional deformation 127 monitoring techniques, which include: the subsurface materials are low-cost and easily sourced, which 128 enables them to be widely used; continuous and real-time measurements can be provided at relatively 129 low-cost because of low-cost electronics; and they continue to operate at larger displacements (>500 mm 130 of shear surface displacement) than other conventional techniques (Dixon et al., 2015b; Smith et al., 131 2016a). The current version of the AE system cannot locate the shear surface depth; however, it is 132 possible to do so if the full AE waveform was monitored and arrival times of wave modes were calculated 133 (e.g. Spriggs 2005 ). This AE system does not monitor the full waveform but instead monitors ring-down 134 counts (RDC), which reduces processing, storage and power requirements. This has allowed the 135 development of a portable AE sensing system that can monitor continuously and operate for long 136 durations in the field on battery power. 137
138
Active waveguides are installed in boreholes, or retrofitted inside existing inclinometer or standpipe 139 casings, that intersect existing or anticipated shear surfaces beneath the slope, and they comprise the 140 composite system of a steel tube with a granular backfill surround ( Figure 4c ). As the host slope deforms, 141 the active waveguide deforms, and this causes particle-particle and particle-waveguide interactions to take 142 place, which generate the AE. AE generation mechanisms include friction (rolling and sliding friction)7 and collisions (e.g. particle contact network rearrangement and release of contact stress as interlocking is 144 overcome and regained) (Koerner et al., 1981; Michlmayr et al., 2013; Michlmayr & Or, 2014 active waveguide-generated AE rates. Generated AE rates are proportional to applied displacement rates 149 because an increasing rate of deformation (i.e. in response to increasing slope velocity) generates an 150 increasing number of particle-particle and particle-waveguide interactions per unit time. Figure 5b shows the relationship between measured AE rates and the velocity of slope movement from a 164 field trial in a shallow reactivated landslide at Hollin Hill, North Yorkshire, UK (Smith et al., 2014a) . 165
The coefficient of proportionality needs to be calculated to determine the displacement rate of a slope 166 from recorded AE rates. The velocity at any given time is equal to the AE rate divided by the coefficient 167 of proportionality. The coefficient of proportionality is dependent on many variables associated with themonitoring system, including: the sensor sensitivity, which is controlled by the voltage threshold level 169 and signal amplification; the depth to the shear surface, which governs the magnitude of AE attenuation 170 as it is transmitted from the subsurface to ground level (Smith et al., 2016b) ; and the geometry and 171
properties of the active waveguide (Dixon et al., 2015a) . 172
173
The AE system was trialed at the site near the town of Peace River to investigate the potential of the 174 technique for monitoring 'extremely slow' (<15mm/yr) (Cruden & Varnes, 1996) rates of slope 175 movement and to detect changes in rates of movement of this magnitude that could indicate accelerating 176 behavior for use in early warning. To date, the lowest rate of movement measured by the technique has 177 been 'very slow' (cm's/yr) (Dixon et al., 2015b) . This trial has also allowed the examination of the 178 performance of the AE technique in monitoring slides with deep shear surface(s), as the landslide near the 179 town of Peace River has a deeper shear surface than those in previous trials. Furthermore, the system had 180 never before been used in a comparable environment, with significant temperature variations (e.g. 
Geological Setting of Peace River 185
The Town of Peace River is located in the Peace River Lowlands physiographic zone within the Interior 186
Plains of Canada. The geological setting of the area is complex due to Holocene erosion and processes 187 resulting from the late Wisconsin glacial event (11,000 to 85,000 B. P.). The advance of the Laurentide 188
Ice Sheet during glaciation produced proglacial lakes, causing lacustrine sediments to be deposited in the 189 area. The particle size of the sediments increases towards the surface with sand and gravel being 190 deposited on top of the lacustrine silts and clays (Davies et al., 2005) . The active waveguide (location in Figure 6 ) was installed in a 150 mm diameter borehole to a depth of 21 250 m (Figure 7c ). The waveguide consisted of a 38 mm diameter steel pipe with 4 mm wall thickness, 251 connected in 3.05 m lengths using screw-threaded couplings. The waveguide was placed in the centre of 252 the borehole, and the annulus was then backfilled. Subrounded 10 mm washed pea gravel was used to 253 backfill the lower portion of the borehole from the base up to 11.9 m below the ground surface. AEs are 254 predominantly generated in the zone of shearing, and therefore the active length with gravel backfill only 255 needed to extend above and below the shear surface. A bentonite grout plug was used to seal against the 256 ingress of water, which could potentially generate AE and contaminate the measurements. The bentonite 257 plug was produced using hydrated bentonite grout chips, which were used to backfill the annulus from 258 11.9 m to 8.8 m below ground level. The top portion of the annulus was then filled with borehole spoil 259 (Smith et al., 2014c) . The waveguide extends 0.3 m above the ground surface and is enclosed in a locked 260 protective chamber that was initially comprised of black plastic culvert and a metal lid but was later 261 changed to a design consisting of white plastic culvert and a wooden lid in November 2015 (described in 262 Section 3.3.2). 263
Shallow AE Sensor 265
The Deep AE Sensor measured extraneous noise, which contaminated the AE measurements. It was 266 suspected that this was caused by surficial processes related to low temperatures (e.g. frost heave) and/or 267 the cover responding to thermal effects. Extraneous noise in the AE data will be further discussed in 268 section 3.3.1. A Shallow AE Sensor (Figure 7c ) was installed adjacent to the active waveguide, allowed 269 removal of AE measured from shallow sources from that measured by the Deep AE Sensor, thus isolating 270 AE generated only by subsurface ground movement. This waveguide used the same 38mm diameter pipe 271 but only extended 3 m into the ground. The annulus around the waveguide was backfilled with auger 272 cuttings to replicate the upper portion of the Deep AE Sensor, and the same surface cover (white plastic 273 culvert and a wooden lid) was employed. Both AE measurement systems were configured to have a 274 0.25V threshold level, and 1-hour monitoring intervals and both are powered by air alkaline batteries. 275 276
SAA Installation 277
The SAA was installed to provide continuous subsurface displacement measurements for comparison 278 with AE measurements and to develop an enhanced understanding of the slope's behavior. The SAA 279 extends from the ground surface to a depth of 20.1 m (Figure 7b ) and has 0.305 m gauge lengths. The 280 SAA string was first installed inside 27 mm diameter unplasticized polyvinyl chloride (UPVC) conduit, 281 which was fastened together in 3 m lengths using epoxy, ensuring twisting of the SAA did not occur 282 (standard installation procedure). After the SAA had been secured within the UPVC conduit, it was 283 lowered inside the inclinometer casing, which had already been filled with bentonite-cement grout with 284 mix proportions of 1.0, 6.6 and 0.4 for Portland cement, water and bentonite respectively. This bentonite-285 cement grout mix was selected to ensure it behaved comparably to the surrounding in situ soil. The 286 conduit was sealed to ensure it was watertight, and the SAA was connected to a datalogger, which is 287 powered by a battery and recharged by a solar panel. Initially, the measurement interval was set to 15 288 minutes to investigate noise in the data and ensure sufficient temporal resolution to capture the behaviorof the slope. The period over which the rate of displacement varied was of the order of days, as opposed 290 to minutes, and so the monitoring interval was increased to 2 hours, which also reduced the amount of 291 data processed and hence battery usage during data transmission over a cellular modem. 292 293
Piezometer Installation 294
A pneumatic piezometer (PI10-8 in Figure 6a approximately 0.02mm/day was observed that did not appear to respond to changes in pore water 335 pressure. At piezometric head readings above a threshold value of 3 m, a linear relationship was found to 336 exist between the velocity of the slope and the piezometric head, with higher pore-water pressures leadingto increases in the velocity of the slope. The slope of the linear regression through the velocities was 338 found to be 0.015mm/day per m of piezometric head. It should be noted that the linear relationship 339 between slope velocity and piezometric head will not continue indefinitely, as higher piezometric levels 340 than observed during the study period, could result in acceleration as the slope approaches failure. 341 342
Interpretation of Slope Behavior 343
Traditional inclinometer measurements at the site had a low temporal resolution (biannual readings) 344 which prevented a full observation of the seasonality of the slope's deformation behavior. The surface cover was modified in November 2015 (from black culvert with a metal lid to white culvert 385 with a wooden lid), and differences in AE measurements before and after the modification were analyzed 386 to investigate the effect of thermal expansion and contraction of the surface cover on the amount of AE 387 data spikes. 388 389
Effect of Cover Design on Extraneous Noise 390
The original cover for the AE sensor consisted of a black plastic culvert base covered by a metal lid 391 (Figure 12a ). Since it was found that changes in temperature resulted in large AE spikes in June and 392
September of 2015, it was theorized that solar radiation could be causing thermal expansion and 393 contraction of the metal lid leading to strains in the cover/foundation and generating AE. A new cover 394 was installed to test this hypothesis (Figure 12b ). Since the black culvert would also lead to larger 395 amounts of solar radiation, the sides of the cover were painted white. The new cover was installed in 396
November of 2015. By comparing the cumulative AE and cumulative displacement over a 6 month 397 period when the original cover was in place (2014/2015) and the same 6 month period the following year 398 (2015/2016) after the new cover design was installed, the effect of the cover design on the amount of 399 noise present in the AE data can be analyzed. The six month period being considered includes the winter 400 months since more noise was shown to be present in the data during the winter (Figure 12a) . 401 402 Figure 12c shows the variation in cumulative AE. It can be seen that the cumulative AE during the time 403 period with the original cover design is almost an order of magnitude larger than the AE measured with 404 the new cover design. This larger amount of AE is independent of slope displacement since the 405 displacement measured using the SAA for the two time spans varies by less than a factor of 2 (Figure  406 12d), and active waveguide-generated AE rates are proportional to slope displacement rates (Section 1.3).
This shows that the cover design plays a significant role in the efficacy of the AE monitoring approach; a 408 cover that produces spurious AE could lead to false alarms, reducing the reliability of the system. 409 410 3.3.3 Use of Shallow AE Sensor to Filter Noise 411
Although the cover design was found to cause significant extraneous noise, other sources of noise 412
remained. An additional source of this contamination could be surficial processes that are independent of 413 slope deformation (e.g. frost heave), which cannot easily be filtered from the AE measurements. 414
Therefore, a second waveguide (Shallow AE Sensor) was installed to measure this extraneous AE so that 415 it could be removed directly from AE measured by the Deep AE Sensor. 
Calibrating the AE system for early warning
Early warning systems for slope instability need to alert users of accelerating slope deformation behavior 430 to enable safety-critical decisions to be made. The purpose of the AE monitoring system is to provide 431 information on the rate of slope displacement so that accelerating movements indicative of incipient 432 failure can be detected and communicated to responsible persons so that appropriate action can be taken. 433
An approach to convert AE rate measurements to the velocity of slope movement is therefore required. 434
To achieve this, a quantification framework to calibrate AE system installations was developed by Smith 435 The purpose of the AE system is to provide an early warning of slope failure by detecting and quantifying 446 increasing rates of movement. Accelerating slope behavior progresses over orders of magnitude; the 447 standard landslide velocity scale varies from extremely slow (1mm/yr) to extremely rapid (1m/s) (Cruden 448 and Varnes, 1996) . The velocity in the measured relationship in Figure 14 ranges from approximately 449 0.0001 to 0.0007 mm/hr, which demonstrates the sensitivity of the AE approach to changes in 450 displacement rates. It is expected that if the slope began to accelerate, AE rates would increase 451 proportionally with displacement rates, as has been shown in previous studies (detailed in Section 1.3). 452
The AE rate/velocity relationship in Figure 14 , calculated for the installation at Peace River, is more than 454 an order of magnitude larger than the predicted relationship using the framework detailed in Smith (2015) 455 (i.e. the AE rates generated by the system at Peace River in response to applied rates of slope movement 456 were significantly greater than predicted). This discrepancy is hypothesized to be due to a series of factors 457 that were not incorporated in Smith (2015)'s framework, which include: shear zone thickness; backfill 458 stress level, which increases with depth and governs the magnitude of inter-particle contact stresses and 459 hence AE energy; and the size of the active zone (i.e. backfill volume being deformed, which is 460 influenced by borehole diameter and active gravel backfill length). It is also possible that voids in the 461 bentonite/clay backfill reduced the magnitude of attenuation as AE propagated from the subsurface to 462 ground level. Smith (2015)'s framework was developed using cases of slopes with shallow shear surfaces 463 and hence low backfill stress levels. Furthermore, the active backfill volume in the Peace River 464 installation is an order of magnitude larger than those used in the physical model tests to develop the 465 framework (Smith, 2015; Smith et al., 2016a) . 466
467
The higher than expected AE rate/velocity relationship indicates that although the level of AE attenuation 468 during propagation along the steel waveguide increases with depth to the shear surface, which initially 469 was thought could limit the possible shear surface depths that can be monitored, elevated stress levels 470 with depth and larger active zones significantly increase the magnitude of generated AE, compensating 471 for the experienced attenuation. This indicates that greater shear surface depths can be monitored than 472 previously anticipated. Further research is required to understand fully the link between backfill stress 473 level, active backfill volume, shear zone thickness and generated AE rates. 474
Conclusion 476
Landslides in the Peace River region, Alberta, Canada, cause repeat damage to highways and utilities 477 infrastructure and, occasionally, movement accelerates, and potentially catastrophic slope failures occur. 478
The purpose of this study was to enhance understanding of the patterns of movement in these creeping 479 landslides and to trial an Acoustic Emission (AE) monitoring system, which was developed to detect and 480 communicate accelerating rates of slope movement indicative of incipient failure for use in early warning. 481
The principal findings are summarized in the following conclusions. higher pore water pressures since the slope will accelerate as it approaches failure, illustrating the 495 continued need for deformation rate-based landslide early warning sensors. 496 (b) Although the AE instrumentation monitors high frequencies (above 20 kHz) to filter low-497 frequency noise, significant extraneous noise was detected at the Peace River site due to surficial 498 processes (e.g. frost heave) and/or the cover responding to thermal effects. Modifying the surfacecover to minimize thermal effects by changing a black culvert and metal lid for a white culvert 500 with wooden lid was observed to reduce this noise by an order of magnitude. In addition, a 501 shallow waveguide installed adjacent to the active waveguide was used to measure AE generated 502 by the cover and/or surficial processes, which was then successfully removed from the AE 503 measured by the active waveguide to obtain only AE highly correlated with subsurface ground 504 movement. 505 (c) Comparisons between continuous SAA deformation measurements and filtered cumulative AE 506 measurements provide evidence that the AE technique is able to measure 'extremely slow' rates 507 of movement. The AE and deformation measurements exhibit the same trends in behavior and, 508 when plotted against each other, display strong correlation. 509 (d) A calibration relationship was established using AE rate and slope velocity measurements, which 510 can now be used to derive slope displacement rates from measured AE rates in the future for use 511 in early warning. This measured AE rate/slope velocity relationship was more than an order of 512 magnitude greater than a predicted relationship using the framework developed by Smith (2015) . 513 This is hypothesized to be due to greater shear zone thickness, backfill stress level and active 514 backfill volume in the installation at Peace River than in the laboratory and field experiments 515 used to develop Smith (2015)'s framework. This demonstrates that slopes with significantly 516 greater shear surface depths can be monitored than previously expected, but further research is 517 required to fully understand the link between backfill stress level, active backfill volume, shear 518 zone thickness and generated AE rates. 519
Monitoring of this site will continue in order to better understand how the slope reacts to variations in 520 pore water pressure and to further develop ways to detect the onset of slope failure. 
